MicroRNAs (miRNAs) may be useful biomarkers of rejection and allograft outcome in kidney transplantation. Elevated urinary CXCL10 levels have been associated with acute rejection (AR) and may predict allograft failure. We examined the correlation of miRNA, CXCL10 levels and immunosuppressive drug exposure with AR and graft function in kidney transplant recipients.
Introduction
In clinical transplantation, immunosuppressive drug dosages are adjusted in response to side effects in combination with measurement of drug levels, aiming for certain target concentrations. Despite good short-term results, the long-term outcome is still limited and there is a constant graft attrition rate after the first year, indicating a clear need for noninvasive molecular biomarkers to allow early assessment of the risk of rejection and graft clinical outcome. Several biomarkers have shown promising results in the prognosis of graft rejection and graft dysfunction, as well as in the prediction of personal response [1] [2] [3] .
MicroRNAs (miRNAs) are noncoding RNA molecules that play a key role in the regulation of gene expression and can affect immune response [4] . While miRNA expression has been mainly a diagnostic tool in transplantation [5, 6] , miRNAs have recently been postulated as predictive and prognostic biomarkers of graft outcome [5, 7, 8] . Overexpression of miR-142-5p in peripheral blood mononuclear cells (PBMCs) was associated with chronic rejection in kidney transplant recipients [9] . In addition, miR-210, a hypoxia-induced miRNA [10] can modulate the expression of several cytokines, including the proinflammatory interferon-γ and interleukin-17 and the anti-inflammatory transforming growth factor-β and interleukin-10 [11] . miR-210 has also been identified as a reliable marker of acute rejection (AR) and long-term graft function [12] . miR-155, a key player in the regulation of adaptive immunity and antibody-related T-cell response, is upregulated in multiple immune cell lineages by toll-like receptor ligands and inflammatory cytokines [13] [14] [15] and is a mediator of inflammatory response [16] . Local inflammation associated with rejection is tightly regulated by T helper (Th) balance, and miR-155 controls differentiation of CD4 + T cells into Th cells [17, 18] and also participates in the development of regulatory T cells [19] . miR-155 was overexpressed in renal allografts during AR [18] , and a study of renal allograft biopsies and normal PBMCs found that several miRNAs, including miR-155, overexpressed in AR biopsies were also highly expressed in PBMCs. Moreover, intragraft expression of miR-155 and other miRNAs were reliable prognostic markers of AR and allograft function [20] .
Chemokines play an important role in inflammation and immune response after transplantation [21, 22] , and chemokine interferon-inducible protein 10 (CXCL10) is a promising biomarker of short-and long-term kidney graft function [23] . Urinary CXCL10 concentrations showed higher sensitivity and specificity than serum creatinine (Cr) concentrations in differentiating between stable kidney transplant patients and those with AR and BK virus infections [24] . In another study, urinary CXCL10 levels were linked to risk of AR, and moreover, CXCL10 levels during the first 4 weeks posttransplantation were associated with graft function at 6 months [23] . High urinary CXCL10 levels were also associated with AR from 1 month to 1 year post-transplantation, and the CXCL10:Cr ratio correlated with AR risk [25] .
To explore the clinical utility of miR-142-3p, miR-210-3p, miR-155-5p and CXCL10 further as early prognostic biomarkers, we have assessed their urinary pellet levels in adult kidney transplant recipients from the 1 st week to the 6 th month post-transplantation and correlated our findings with AR, graft function and immunosuppressive drug exposure.
Methods

Study design and patients
In this prospective observational study, 80 adult kidney transplant patients were recruited from four European centres, two in Spain and two in Germany. Participants had to be de novo kidney transplant recipients from a deceased or living donor, with no other transplanted organs. Recipients older than 70 years or positive for hepatitis B or C or human immunodeficiency virus were excluded. The study was approved by the Ethics Committees of the participating centres and all patients provided their written informed consent (EudraCT number: 2013-001817-33). All patients received the same immunosuppressive therapy, adapted to the standard of each centre and the needs of each patient, of tacrolimus (TAC; Prograf; Astellas Pharma Inc, Tokyo, Japan), mycophenolate mofetil (MMF; Myfenax; Teva Pharmaceutical, Petach Tikva, Israel), and methylprednisolone. All patients received induction treatment of two 20-mg doses of basiliximab. The initial daily TAC dose was 0.1 mg kg -1 twice daily. The TAC dose was subsequently adjusted to achieve target trough concentrations between 7-10 and 5-8 ng ml -1 during the first and third months, respectively. MMF was administered 1 g twice daily and dose reductions were allowed based on clinical needs. Treatment with methylprednisolone was initiated pretransplantation at a daily dose of 500 mg, tapered down to 40 mg on day 5, and progressively decreased to 20 mg on day 14, and 5 mg at month 2.
Patients had a total of five visits during the study: during the 1 st week and after the 1 st , 2 nd , 3 rd and 6 th months. Safety parameters were assessed at each visit, including graft function [Cr and glomerular filtration rate (GFR) by the modification of diet in renal disease method [26] ], blood counts, urinary protein, and routine chemistry. All participating centres used the same criteria for diagnosis of AR based on impairment of renal function as detected by Cr concentrations, Cr clearance rate and GFR. AR was always confirmed by histological evaluation of graft biopsies (biopsy proven acute rejection) according to the Banff 97 classification [27] .
Pharmacokinetic monitoring
For each immunosuppressant, we analysed trough concentration, calculated area under the curve (AUC; 0 and 30 min, and 1, 1.5, 2, 3, 4, 6, 8 and 12 h after drug administration by linear trapezoidal rule) at 1 st week post-transplantation and simplified AUC (predose and 1.5, 2 and 4 h postdose) at the 1 st , 2 nd , 3 rd and 6 th months post-transplantation. Blood samples were collected in EDTA-K3 tubes. Whole-blood TAC concentrations were measured by liquid chromatography/tandem mass spectrometry and mycophenolic acid (MPA) plasma concentrations were measured by a validated method of high-performance liquid chromatography with ultraviolet detector, as previously reported [28] [29] [30] .
Biomarker analyses
First morning urine samples were collected from all patients at each of the five post-transplantation visits and shipped to the Pharmacology Laboratory of the Biomedical Diagnostic Centre, Hospital Clinic (Barcelona, Spain) for centralized analysis of miRNA expression and CXCL10 production. All samples were analysed in a blinded fashion.
miRNA analysis. miR-142-3p, miR-210-3p and miR-155-5p expression was assessed in urinary cell pellets by quantitative real-time polymerase chain reaction (qPCR). Urine specimens (50 ml) were collected in presence of EDTA RNAse at 4°C. The urine samples were centrifuged at 2000× g for 10 min at 4°C, the supernatant was discarded, the pellet was centrifuged at 2000× g for 2 min at 4°C, the supernatant was discarded, 1 ml of TRIzol (Life Technologies, Carlsbad, CA, USA) was added, and the sample was stored at -70°C. The sample was sent to the Pharmacology Laboratory of the Biomedical Diagnostic Centre, Hospital Clinic within 3 weeks. RNA was extracted using TRIzol reagent, according to the manufacturer's instructions, and the concentration and quantity of total RNA were measured at 260 nm and 280 nm (A260/A280) with a NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). Total RNA (100 ng) was reverse transcribed into cDNA. qPCR for miRNAs was performed using the miRCURY LNA Universal RT microRNA PCR, Polyadenylation and cDNA synthesis system (Exiqon, Denmark 
Statistical analyses
Demographic data and results of the molecular analyses were collected in a unified database. Samples were adjusted to a nonparametric distribution. Statistical differences between groups were assessed with the Mann-Whitney test and correlations between biomarkers and clinical events with Spearman's rho. We used the receiver operating characteristic (ROC) curve analysis to define the optimal cut-offs for differentiating between patient groups with and without AR. Because, in our case, the purpose of these ROC curves was to propose prognostic biomarkers for the assessment of the risk of acute rejection during the first 6 months posttransplantation, we included data points from nonrejectors and from rejectors before the rejection episode occurred. Optimal biomarker cut-off points to discriminate between patients with and without AR were based on ROC curves and were calculated with the best Youden index (sensitivity + specificity -1). Discriminatory capacity was defined by the AUC (0.7-0.8, acceptable; 0.8-0.9, excellent; >0.9, outstanding), with its 95% confidence interval (CI). All analyses were performed using SPSS 18.0 software (SPSS Inc, Chicago, IL, USA). All data are presented as the median ± standard deviation. A value of P ≤ 0.05 was considered statistically significant. To better evaluate not only the diagnostic capacity of the biomarkers evaluated in this study, but also their prognostic utility, we have included in the AR box-plots data from the patients who rejected at this time plus the pre-AR data of the patients who had not yet rejected at this time but who would do so in a later profile. We have not considered data from rejector patients, once the AR episode was solved, in the AR-Box. The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology [31] .
Results
Patients
Eight of the 80 patients (10%) experienced a total of 12 AR episodes, all of which were cellular rejections. Diagnosis of AR was based on clinical and laboratory findings and was confirmed by histological evaluation of graft biopsies. Table 1 displays the characteristics of rejectors and nonrejectors. Three episodes occurred during the 1 st week post-transplantation, four during the 1 st month, and one during the 6 th month. Four patients had multiple AR episodes: one patient who rejected during the 1 st week post-transplantation suffered a second episode at 3 months; three patients who rejected during the 1 st month post-transplantation suffered second episodes -two during the 2 nd month and one during the 6 th month. In all patients who rejected, urine for biomarker analysis was always collected before the immunosuppressive treatment was modified to resolve the AR episode. Table 2 summarizes the GFR (stratified by KDOQI-CKD grades [32] , and plasma Cr concentrations from the 1 st week to the 6 th month post-transplantation in rejectors and nonrejectors. Patients who rejected had GFR < 30 ml min
at the time of the AR episode and GFR < 40 ml min -1 throughout the post-transplantation period, indicating poor kidney function. Patients who did not reject had better kidney function during the entire period.
Pharmacokinetics
Trough concentration and AUC values for TAC and MPA are summarized in and all three patients who rejected during this time had TAC trough concentrations of 7-10 ng ml -1 . No statistically significant differences between rejectors and nonrejectors were observed in trough concentrations for TAC or MPA during this period.
Patients with poorer kidney function, as indicated by GFR, did not have higher TAC concentrations and no correlation was observed between TAC trough concentration or AUC and GFR.
MPA trough concentrations were similar in nonrejectors and rejectors (Table 3 ). The need for MMF dose reduction was similar in rejectors and nonrejectors. In fact, MMF doses and MPA trough concentrations showed a tendency to be higher in rejectors than in nonrejectors.
miRNA expression and AR
Before and during an AR episode, rejectors had a significant gradual upregulation of miR-142-3p and miR-155-5p expression and lower miR-210-3p expression than nonrejectors ( Figure 1A-C) .
ROC curve analysis showed that miR-155-5p had excellent capacity to discriminate between rejectors and nonrejectors (AUC 0.875; 95% CI = 0.784-0.966; Figure 1D ). The optimal cut-off value for predicting AR based on the AUC of the ROC curve for miR-155-5p was 0.51, with 85% sensitivity, 86% specificity, 88% positive predictive value (PPV) and 100% negative predictive value (NPV). miR142-3p (AUC 0.584) and miR-210-3p (AUC 0.185) showed less than acceptable discriminatory capacity and were thus not included in further analyses. Figure 2A shows the evolution of miR-155-5p levels in the eight rejectors prior to, during and after the AR episodes. miR-155-5p expression progressively increased preceding the AR episode and reached maximum levels at the time of the episode. Once the immunosuppressive treatment was modified to resolve the AR episode, miR-155-5p levels decreased. At the time of the AR episode, all rejectors had miR-155-5p levels above the established cut-off point of 0.51. Furthermore, in two patients (patients 5 and 13) with a second AR episode, miR-155-5p levels again increased prior to the second episode and reached levels similar to those attained during the first episode.
Urinary CXCL10 and serum creatinine levels and AR
Patients who experienced an AR episode had consistently higher CXCL10 levels than nonrejectors throughout the Table 2 Glomerular filtration rate (GFR) and plasma creatinine (Cr) levels in nonrejectors and rejectors during the 6-month post-transplantation period study period ( Figure 3A) . ROC curve analysis showed that CXCL10 levels had excellent capacity to discriminate between rejectors and nonrejectors (AUC 0.865; 95% CI 0.809-0.921). The optimal cut-off for predicting AR based on the AUC of the ROC curve for CXCL10 levels was 84.73 pg ml -1 , with 84% sensitivity, 80% specificity, 90%
PPV and 85% NPV ( Figure 3D ). By contrast, the results showed that, pretransplantation, no significant differences were observed in serum creatinine levels between rejectors and nonrejectors in and that, posttransplantation, creatinine levels were significantly higher in rejectors than in patients free of rejection ( Figure 3B ). ROC curve analysis showed that creatinine levels had an acceptable capacity to discriminate between rejectors and nonrejectors (AUC 0.784; 95% CI 0.718-0.850). The optimal cut-off for predicting AR by creatinine levels was 431.5 μmol l -1 , with 46% sensitivity, 80% specificity, 63%
PPV and 96% NPV ( Figure 3E ). The CXCL10:Cr ratio was significantly higher in rejectors than in nonrejectors at the 1 st , 2 nd , 3 rd and 6 th month posttransplantation ( Figure 3C) ; however, no significant differences were observed at the 1 st week. ROC curve analysis showed that the CXCL:Cr ratio had acceptable capacity to discriminate between rejectors and nonrejectors (AUC 0.753; 95% CI 0.670-0.836). The optimal cut-off for predicting AR based on the AUC of the ROC curve for the CXCL10:Cr ratio was 0.43, with 72% sensitivity, 73% specificity, 90% PPV and 96% NPV ( Figure 3F ). Figures 2B and 4 show changes in CXCL-10 and creatinine levels in the eight rejectors prior to, during and after the AR episodes. CXCL-10 showed a similar pattern to that of miR-155-5p expression, with levels progressively increasing before the AR episode and reaching a maximum at the time of the episode. At the time of the AR episode, CXCL-10 levels were above the established cut-off point of 84.73 pg ml -1 in all rejectors. Creatinine levels, however, did not progressively increase before the AR episode (no prognostic capacity) and AR did not always take place when creatinine reached maximum levels.
miR-155-5p and CXCL10 levels and graft function Figure 5 displays the GFRs, taken as an indication of kidney function, for rejectors and nonrejectors at each of the five time points of the study. Significant inverse correlations were observed between miR-155-5p expression and GFR (ρ = -754; Figure 5C ) and between CXCL10 levels and GFR (ρ = -0.387; Figure 5D ). Patients with GFR > 30 ml min miR-155-5p expression, drug concentrations and clinical outcome
As expected, a high interindividual variability in drug exposure was observed. According to the study design, TAC trough concentrations were targeted at 7-10 ng ml -1 during the 1st month post-transplantation. Of the 80 patients included, 24 had TAC trough concentrations <7 ng ml -1 during this period: 20 at 1 week and four at 1 month post-transplantation. Six of the seven patients experiencing an AR episode during the 1 st month post-transplantation had Cmin TAC < 9 ng ml -1 . Two had Cmin TAC < 7 ng ml -1 at 1 week post-transplantation and four had Cmin TAC < 9 ng ml -1 for the entire 1 st month ( Figure 6A) . Four of the patients with AR had Cmin MPA < 3.5 μg ml -1 and three had Cmin MPA > 3.5 μg ml -1 ( Figure 6B ). Despite having attained Cmin MPA ≈ 3.5 μg ml -1 , patients with AR generally had Cmin TAC < 9 ng ml -1 . An inverse correlation was observed between TAC trough concentrations and miR-155-5p expression but without reaching statistical significance (ρ = -0.088). Figure 6C shows data pairs for TAC -miR-155-5p and MPA -miR-155-5p for each patient during the 1 st month post-transplantation.
To evaluate the relationship between drug exposure biomarkers and the risk of AR, we performed additional pharmacodynamic-pharmacokinetic assessments. Patients with TAC AUC values >180 ng h ml -1 ( Figure 7A ) and
MPA AUC values >50 μg h ml -1 ( Figure 7B ) before the end of the 1 st month post-transplantation had miRNA-155-5p expression under the cut-off established in this study for the risk of AR; all were free of AR (patients at low risk of AR). Moreover, all patients who experienced AR had TAC AUC values <100 ng h ml -1 during the AR episode ( Figure 7A ). There were also eight patients with TAC AUC values of 100-180 ng h ml -1 ( Figure 7A ) and miRNA-155-5p expression above the cut-off established in this study for risk of AR. These patients could therefore be considered at high risk for AR ( Figure 7A) ; however, they were
Figure 1
Correlation of post-transplantation urinary miRNA expression and acute rejection (AR). Differences between rejectors (white boxes) and nonrejectors (grey boxes) in (A) miR-142-3p, (B) miR-210-3p, and (C) miR-155-5p expression during the first six months post-transplantation. Eight of the 80 patients experienced a total of 12 AR episodes during the first 6 months post-transplantation (n = 3 1 st week; n = 4 1 st month; n = 2 2 nd month; n = 1 3 rd month and n = 2 6 th month). AR box-plots include data from the patients who rejected at this time plus the pre-AR data of the patients who had not yet rejected at this time but who would do so in a later profile. Therefore, the number of samples that contributed to the data for both groups in each profile is the following: Nonrejectors 1 st week n = 68; 1 st month n = 71; 2 nd month n = 75; 3 rd month n = 77 and 6 th month n = 78 vs. Rejectors 1 st week n = 12; 1 st month n = 9; 2 nd month n = 5; 3 rd month n = 3 and 6 th month n = 2. Figure 7B) experienced AR. Figure 7C shows data pairs for TAC AUC -miR-155-5p and MPA AUC -miR-155-5p for each patient during the 1 st month post-transplantation. Rejectors had the lowest TAC and MPA AUC values and the highest miR-155-5p expression (above the cut off value). We also evaluated the possible relationship between drug concentrations and urinary CXCL-10 production, but no correlation was observed between drug exposure and this biomarker. Fifteen patients had cytomegalovirus infections, two of whom experienced an AR episode, and nine had BK virus infections, one of whom had an AR episode. In all three cases, the infections occurred after the AR episodes. There was no significant association between these infections and miRNA or CXCL10 levels.
Discussion
To the best of our knowledge, this European multicentre study is the first to demonstrate that urinary pellet miRNA expression levels could be useful prognostic and diagnostic biomarkers for AR during the early post-transplantation period (from the 1 st week to the 6 th month). Specifically, we found that miR-142-3p and miR-155-5p levels were higher and miR-210-3p levels were lower in rejectors compared to nonrejectors. In addition, our results confirm previous findings that urinary CXCL10 levels could also be a useful prognostic biomarker of AR. Our study is also the first to examine a potential association between these biomarkers and immunosuppressive drug exposure. Data on the prognostic impact of miR-155-5p and CXCL10 levels on the risk of rejection in kidney transplantation are limited. Previous studies [6, 20, 33] mainly analysed these biomarkers at the time of an AR episode, usually in allograft biopsies, and focused on their diagnostic capacity. Our results, in contrast, show an early significant increase in both urinary pellet miR-155-5p and urinary
Figure 2
Evolution of miR-155-5p expression and urinary CXCL10 levels in eight patients experiencing acute rejection (AR). The cutoff of 0.51 for miR-155-5p expression is shown on each graph of Figure 2A . Red arrows indicate the time of the AR episode. In three patients, the first AR episode occurred during the 1 st week after transplantation (patients 12, 13, 28), in four, it occurred during the 1 st month (patients 5, 6, 7, 22) , and in one, it occurred during the 6 th month (patient 8). Four patients had a second AR episode: two at the 2 nd month (patients 7, 22), one at the 3 rd month (patient 13), and one at the 6 th month (patient 5). The cutoff of 84.73 pg ml -1 for CXCL10 levels is shown on each graph of Figure 2B . Red arrows indicate the time of the AR episode. In three patients, the first AR episode occurred during the 1 st week after transplantation (patients 12, 13, 28), in four, it occurred during the 1 st month (patients 5, 6, 7, 22) and, in one, it occurred during the 6 th month (patient 8). Four patients had a second AR episode: two at the 2 nd month (patients 7, 22) , one at the 3 rd month (patient 13), and one at the 6 th month (patient 5)
CXCL10 levels in the period leading up to the AR episode, clearly showing their potential utility as prognostic biomarkers, with levels returning to normal after adjustment of the immunosuppressive drug dosage to resolve the AR episode. In addition, ROC curve analyses showed that both miR-155-5p (AUC 0.875) and CXCL10 (AUC 0.865) levels had excellent capacity to discriminate between rejectors and nonrejectors. When we compared the performance of these biomarkers with measurement of serum creatinine concentrations, urinary pellet miR-155 expression and urinary CXCL-10 levels offered a strong advantage over creatinine levels in terms of early prognostic and diagnostic capacity for the assessment of risk of acute rejection in renal transplant recipients. Furthermore, in the early posttransplant period, creatinine can be increased due of the inflammation/tissue injury associated to ischemia reperfusion process and as a consequence may be less sensible for the prognosis of the risk of acute rejection. Our results are in line with previous reports on the potential of miRNAs as diagnostic biomarkers of AR [6, 20, 33, 34] . However, the data reported so far on the expression of miR-155 as a diagnostic biomarker of rejection were based on its assessment in PBMC or biopsies [6, 20] and not in urine. A recent study in 35 kidney Figure 3 Correlation of post-transplantation urinary CXCL10, Creatinine and CXCL10:Cr levels and acute rejection (AR). (A) Differences in CXCL10 levels between rejectors (white boxes) and nonrejectors (grey boxes). Asterisks indicate significant differences between the two groups. Eight of the 80 patients experienced a total of 12 AR episodes during the first 6 months post-transplantation (n = 3 1 st week; n = 4 1 st month; n = 2 2 nd month; n = 1 3 rd month and n = 2 6 th month). AR box-plots include data from the patients who rejected at this time plus the pre-AR data of the patients who
had not yet rejected at this time but who would do so in a later profile. Therefore, the number of samples that contributed to the data for both groups in each profile is the following: Nonrejectors 1 st week n = 68; 1 st month n = 71; 2 nd month n = 75; 3 rd month n = 77 and 6 th month n = 78 vs. Rejectors 1 st week n = 12; 1 st month n = 9; 2 nd month n = 5; 3 rd month n = 3 and 6 th month n = 2. (D) Receiver operating characteristic curve analysis for discrimination between rejectors and nonrejectors. We have considered 31 data points for the rejector group (12 at 1 st week +9 at 1 st month +5 at 2 nd month +3 at 3 rd month and 2 at 6 th month post transplantation) and 369 data points for the nonrejector group (68 at 1 transplant patients found that miR-142-5p, miR-142-3p, miR-155 and miR-223 in biopsy samples and miR-142-3p and miR-223 in PBMCs could discriminate recipients with AR from those with normal allograft function [33] . One of the few studies of urinary miRNA expression [12] evaluated miR-10a, miR-10b and miR-210 levels in urine samples obtained at the time of allograft biopsy and found that only miR-210 was able to discriminate between patients with AR and stable transplant patients or transplant patients before or after AR.
Several studies have found a robust association between CXCL10 levels and renal allograft outcome [23] [24] [25] participates in the recruitment of alloantigen primed T cells to the site of inflammation and during the induction of proinflammatory cytokines [35] . It induces, maintains and amplifies both inflammatory and immune responses and plays a critical role in AR [36, 37] . Our results are also in line with recent findings that early urinary CXCL10 levels and the CXCL10: Cr ratio in kidney recipients can be prognostic biomarkers of subsequent rejection [25] .
Figure 4
Evolution of creatinine levels in eight patients experiencing acute rejection (AR). The cut-off of 431.5 μmol l -1 for creatinine levels is shown on each graph. Red arrows indicate the time of the AR episode. In three patients, the first AR episode occurred during the 1 st week after transplantation (patients 12, 13, 28), in four, it occurred during the 1 st month (patients 5, 6, 7, 22) , and in one, it occurred during the 6 th month (patient 8). Four patients had a second AR episode: two at the 2 nd month (patients 7, 22) , one at the 3 rd month (patient 13), and one at the 6 th month (patient 5)
In the present study, we found that both miR-155-5p and CXCL10 levels -but not the CXCL10:Cr ratio -were also indicative of graft function. In patients with good recovery of kidney function (GFR >45 ml min -1 ), levels of both biomarkers were below the cut-offs established for the risk of AR. Although an inverse correlation between urinary miR-155 and GFR has previously been observed in nontransplant patients with nephrolithiasis [38] , to the best of our knowledge, this association has not previously been examined in kidney transplantation. As is to be expected in clinical transplantation, we observed a high interindividual variability in pharmacokinetics and pharmacodynamics among our patients. Although differences between rejectors and nonrejectors were not statistically significant, rejectors showed a clear tendency towards lower concentrations. Interestingly, our data show that patients with TAC AUC >180 ng h ml -1 and MPA AUC >50 μg h ml -1 -thus with well established immunosuppressive drug levels -and also miR-155-5p expression below the cutoff established for the risk of AR were rejection-free. In contrast, another group of patients, with TAC AUC 100-180 ng h ml -1 , MPA AUC 40-50 μg h ml -1 , and miR-155-5p expression above the cut-off was also rejection-free. These patients also had a more preserved kidney function
Figure 5
Glomerular filtration rate (GFR units ml min -1 ) in rejectors and nonrejectors and correlation with miR-155-5p and CXCL10 levels. GFR was stratified based KDOQI CKD classification as: GF < 15 as an end-stage kidney-failure; a 15 < GF < 29 as severe decrease in renal function; 30 < GF < 59 as moderate decrease in kidney function and 60 < GF < 90 mild decreases in kidney function. (A) Differences in GFR between rejectors (white boxes) and nonrejectors (grey boxes). Eight of the 80 patients experienced a total of 12 AR episodes during the first 6 months post-transplantation (n = 3 1 st week; n = 4 1 st month; n = 2 2 nd month; n = 1 3 rd month and n = 2 6 th month). AR box-plots include data from the patients who rejected at this time plus the pre-AR data of the patients who had not yet rejected at this time but who would do so in a later profile. Therefore, the number of samples that contributed to the data for both groups in each profile is the following: Nonrejectors 1 st week n = 68; 1 st month n = 71; 2 nd month n = 75; 3 rd month n = 77 and 6 th month n = 78 vs. Rejectors 1 st week n = 12; 1 st month n = 9; 2 nd month n = 5; 3 rd month n = 3 and 6 th month n = 2.
Asterisks indicate significant differences between the two groups. (B) Differences in GFR at the time of the AR episode between rejectors and nonrejectors (n = 3 vs. n = 77 at 1 st week; n = 4 vs. n = 76 at 1 st month; n = 2 vs. n = 78 at 2 nd month; n = 1 vs. n = 79 at 3 rd month; n = 2 vs. n = 78 at 6 th month). Four patients had one AR episode and four had two. (C) miR-155-5p expression (transparent boxes) and GFR (grey boxes; ρ = -754). The dotted line indicates the cut-off of 0.51 for miR-155-5p expression. (D) CXCL10 levels (white boxes) and GFR (grey boxes; ρ = -0.387). The dotted line represents the cut-off of 84.73 pg ml -1 for CXCL10 levels (GFR = 53 ml min -1 ) than those who had an AR episode. Even so, such patients warrant close monitoring as they may well have a high risk of AR. miRNAs and other biomarkers of allograft function and risk of rejection have been tested in different biological samples, including allograft biopsies [6, 20] , urine [12] , PBMC [33] , and serum [39] . Noninvasive methods have clear advantages in all cases but urine samples are especially relevant in kidney transplantation, since not only are they easy and inexpensive to obtain but they are a direct product of the kidney allograft itself.
Our study has several limitations, including a relatively small sample size, the low incidence of AR in our population (10%), and the lack of an independent validation cohort. In addition, the inclusion of non-Caucasian patients or those with viral infections or urinary tract infections would have enhanced the robustness of our study.
Additional studies are warranted to evaluate the impact of confounding factors that might decrease the specificity of our biomarkers. Moreover, the clinical implementation of our findings depends on many factors, including the time-and cost-effectiveness of biomarker analysis. In routine clinical practice, the analysis of CXCL10 is perhaps more feasible than that of miR-155-5p in that a commercial kit (enzyme-linked immunosorbent assay) is available, sample manipulation requires only one centrifugation step, the analysis is not very labour-intensive and turnaround time is minimal. In contrast, miRNA analysis requires more sample manipulation and a greater number of analytical procedures, which could lead to unintentional alterations of the sample; it is also more timeconsuming and requires specific equipment and qualified technicians, which could prove an obstacle to clinical implementation. Nevertheless, our findings suggest that urinary pellet expression of miR-155-5p and CXCL10 levels may well be key prognostic biomarkers of AR and graft dysfunction. Regular monitoring of miR-155-5p and CXCL10 levels from as early as the 1 st week post-transplantation, in combination with the monitoring of drug concentrations, can thus be a useful tool for personalizing immunosuppressive treatment. However, there is a need for prospective data from large independent cohorts of kidney transplant patients, as well as liver and heart transplant patients, in multicentre clinical trials to refine the preliminary cut-off values identified in the present study and to evaluate the clinical usefulness of these biomarkers. If our findings are confirmed in a larger study, miR-155-5p and CXCL10 levels could be candidates for inclusion in an early, noninvasive prognostic biomarker panel to prevent rejection and to monitor the clinical outcome of transplant recipients [2] . and MPA AUC (50 mg h ml -1 , blue)
